A green environment and a healthy life are dream projects of today's science and technology to save the world. Heavy metal ions in water affect both environment and human health. Cadmium has been identified as one of the heavy metals that causes acute or chronic toxic effects if ingested. Increasing use of cadmium in different technological fields has raised concern about its presence and removal from water/wastewater. Researchers have made many systematic efforts to remove heavy metals from water to reduce their impact on human beings and the environment. Adsorption is one of the best methods to remove heavy metals from water among the different proposed methods. This study explores carbon-based nanosorbents which have been proved as effective adsorbents for removal of cadmium ions from water. The adsorption efficiency of carbon-based nanosorbents is the main criterion to rank and select them for removal of cadmium ions from water. Toxicity, reusability and environmentally friendly characteristics of sorbents are also taken considered while ranking the suitable carbon-based nanosorbents for removal of cadmium ions from water. Key words | cadmium poisoning, cadmium removal, carbon-based nanosorbents, nanomaterials, purification, water pollution et al. ). Among the various traditional adsorbents for water purification, nanosorbents have emerged with great potential and accuracy because of their high surface area 18
INTRODUCTION
Mercury, cadmium, arsenic, chromium and lead have the most serious effects on human beings as well as on the environment. Cadmium is of toxicological concern because of its bioaccumulation and non-biodegradability property even at very low concentration (Waalkes ; Li et al. Chawla ). However, removal of cadmium metal ions by different nanomaterials needs to be studied in greater detail to explore their toxicity, reusability, cost, and maximum efficiency.
This review provides an overview of carbon-based nanosorbents for removal of cadmium from water with the challenge of the environmental impacts, regeneration and reusability characteristics of these nanosorbents. The review is divided into the following sections:
• Cadmium poisoning and health effects • Nanosorbents for removal of heavy metals from water • Review of carbon-based nanosorbents for removal of cadmium • Result analyses • Conclusions.
CADMIUM POISONING AND HEALTH EFFECTS
Cadmium poisoning is associated with various clinical complications in human beings. Cadmium is a well-known nephrotoxic agent (Wu et al. ) . Cadmium has a very long biological half-time of 10-30 years in humans (Swaddiwudhipong et al. ) and accumulates primarily in kidney cells with development of chronic disease. The accumulation of cadmium in the kidney leads to dysfunction of the kidney. The ingestion of cadmium in human beings poses a great health risk even at very low concentrations (Waalkes ) . Kidney damage and lung emphysema are the primary effects of high exposure of cadmium in the body. However, the other target organs that may be affected by the accumulation of cadmium in the body are liver, intestines, placenta, pancreas, heart, skeletal system, immune systems, reproductive system and nervous system (Fowler ; Ciarrocca et al. ) . Cadmium poisoning sometimes causes hypertension, diabetes, nerve or brain damage, liver disease and urinary stones (Horiguchi et al. ; Fowler ) . Cadmium poisoning may also cause bone damage (Jarup & Akesson ) and affects teeth and the nervous system permanently by replacing calcium. Long-term exposure to cadmium and excessive intake of cadmium causes serious illnesses such as itai-itai disease in human beings (Bolan et al. ) . In addition, recently cadmium has been identified as a human carcinogen; increasing concentrations of cadmium in water increases cancer risk in humans (Mahalik et al. ; Fowler ) .
NANOSORBENTS FOR REMOVAL OF HEAVY METALS FROM WATER
Toxic heavy metal ions removal from water/wastewater by using synthetic compounds, polymers and other materials as sorbents is of great concern in environmental research applications (Moradi et 
REVIEW OF CARBON-BASED NANOSORBENTS FOR REMOVAL OF CADMIUM
Carbon-based nanomaterials include carbon nanotubes, oxidized carbon nanotubes, carbon-based fibres, graphene, carbon nanocomposites and fullerene. Raw carbon-based nanomaterials and modified carbon-based nanomaterials have been extensively used for removal of heavy metal ions from water. The following section describes the detailed study of carbon-based nanomaterials used as nanosorbent for removal of cadmium ions from water/wastewater.
Carbon nanotubes
The study of adsorption properties of carbon nanotubes ions has also been investigated in single, binary, ternary and quaternary systems (Gao et al. ) . The amount of Cd 2þ ions adsorbed on the oxidized CNTs was higher than the Zn 2þ for single and binary systems. However, the adsorption process became more and more complicated for ternary and quaternary systems and showed a different order. Ion exchange or outer-sphere surface mechanism was suggested to be predominant over the complex mechanism of the removal process. However, ion exchange or outer surface mechanism mainly contributes to Cd 2þ uptake on oxidized multi-walled carbon nanotubes (MWCNTs) at low pH and inner-sphere surface mechanism is the main uptake mechanism at high pH values (Yang et al. ) .
The effect of different oxidizing reagent on carbon nanotubes was also investigated to find out the maximum adsorption capacity of Cd 2þ ion from aqueous solution. luri ). Thus, it can be concluded that modified or functionalized carbon nanotubes with smaller size and smaller length may be the best sorbent for removal of cadmium metal ions in terms of toxicity. In addition, further studies are required in this area to make these materials safer and 
Langmuir maximum adsorption capacity observed was
A linear form of the Langmuir equation can be expressed as:
where q e is the equilibrium amount adsorbed (mg/g), q m is maximum adsorbed metal ion amount to complete mono- Annadurai & Krishnan ):
where K L is Langmuir constant and C 0 is initial concen- Freundlich equation can be expressed as follows:
where q e is the equilibrium amount adsorbed (mg/g), K F and n are Freundlich constants corresponding to adsorption capacity and adsorption intensity respectively. A linear form of the Freundlich equation can be expressed as:
The value of n varies in the range of 1-10 for classification of favourable adsorption (Chantawong et al.  
Kinetic study of carbon-based nanosorbents
Adsorption of metal ions on the adsorbent surfaces can be easily explained by different kinetic models, e.g., pseudofirst-order (Lagergren ), pseudo-second-order (Demirbas et al. ) and diffusion or intra-particle diffusion kinetic models (Weber & Morris ) . Kinetic models are also helpful to describe the mechanism of adsorption of metal ions on the adsorbent surface. The pseudo-first-order kinetic model was given by Lagergren in 1898 for solid-liquid system and can be expressed by:
A linear form of the equation is:
ln q e À q t ð Þ¼ln q e ð Þ À k 1 t
where k 1 is the adsorption rate constant of first-order kinetic models in L/mg/min, q e is equilibrium amount adsorbed at time t (mg/g) and q t is equilibrium amount adsorbed at time t ¼ ∞. The values of k 1 were calculated from the slope of the linear plot of ln(q e À q t ) versus t.
The pseudo-second-order kinetic models can be expressed by (Demirbas et al. ) :
where k 2 is the adsorption rate constant of second-order kinetic models in L/mg/min, q e is equilibrium amount adsorbed at time t (mg/g) and q t is equilibrium amount adsorbed at time t ¼ ∞. The values of q e and k 2 can be calculated by the slope and intercept plot of t/q t versus t.
The results showed that the experimental q e values for cadmium ions observed by using carbon nanoparticles (Pyrzynska ), carbon nanotubes ( In addition, initially at higher concentration the rate controlling step may be either the pore diffusion, boundary diffusion or the intra-particle diffusion of the cadmium ions on the surface of carbon-based nanosorbents (Velickovic et al. ). The slowest of the three steps controls the overall rate of the method. The equilibrium amount adsorbed on carbon-based nanosorbents is now a function of half time (t 1/2 ) rather than time (t) to show the diffusion mechanism suggested by Weber and Morries as follows:
where k ip is the intra-particle diffusion rate constant (mg/g min½) and C (mg/g) is a constant representing the film thickness.
For all reviewed carbon-based nanosorbents, the kinetic data were fitted to pseudo-first-order and intra-particle diffusion models for an initial period of the first reaction step only. However, there was better correlation to the pseudosecond-order model over a long period of time for most of the systems studied ( were found to be the best carbon-based nanomaterial for removal of cadmium ions from water at pH 7.5. Modification or dispersion of CNTs can considerably improve the adsorption capacity by providing more active binding sites. The amount of the contaminant cadmium that binds to the modified or dispersed MWCNTs is much higher than the AC due to π-π electron-donor acceptor properties of the modified or dispersed MWCNTs. Removal of cadmium from water takes place mainly by monolayer coverage on the adsorbent surface adopted Langmuir isotherm with great value of regression coefficient. The identified knowledge gaps are unavailability of systematic studies including similar preparation method, purity, size and surface areas of carbon-based nanomaterials. Most of the research is still based on laboratory scale only, therefore how to utilize all these nanomaterials for industrial application is still a challenging interest. It is also necessary to study the potential health risks and environmental impacts of carbon-based nanomaterials before their widespread use in different applied fields.
